Abstract: Coordinated fleet of Autonomous Underwater Gliders (AUGs) can provide significant benefit to a number of marine applications including ocean sampling, mapping, surveillance and communication. Traditional techniques for navigating underwater vehicles have been designed for single-vehicle operations and do not scale well to multi-vehicle operations and missions. In this paper a navigation system for a fleet of AUGs is developed based on Networked Decentralized Model Predictive Control (ND-MPC). The proposed approach coordinates a group of point-mass mobile agents to achieve a desired formation, while avoiding collisions between themselves. In order to obtain collision free paths, the approach integrates the required collision avoidance constraints. The fleet localization is performed by sensor fusion using adaptive extended Kalman filtering. The free collision and convergence properties are verified through simulations results. The proposed approach can be generalized to formation of heterogeneous autonomous agents.
INTRODUCTION
During the last years several researchers have focused their attention on the Autonomous Underwater Gliders (AUGs). The AUG is an underwater vehicle which exploits gravity and buoyancy forces to produce vertical lift which can be converted into longitudinal/lateral motion by the use of fixed wings. This kind of vehicle has a great energy efficiency and can operate for thousands of kilometers without maintenance. Moreover it has low maintenance costs and is almost noiseless. For these reasons AUGs have found application in several fields: marine exploration, patrol, mine detection and many others.
In order to perform many of these tasks, however, a set of gliders in formation is to be preferred. For instance in case of marine exploration the use of several agents in formation allows to cover larger areas, thus reducing navigation times. The formation problem is indeed one of the most challenging for these kind of vehicles since they are highly nonlinear, underactuated and the feasible control actions are constrained. The coordination control of multiple unmanned vehicles is analyzed by many authors. For example in (Kaminer et al. (2007) ) the proposed solution is based on L1 adaptive output feedback controllers.
In order to minimize control complexity and allow easy reconfiguration of formation, decentralized solution are usually preferred to the centralized ones. Different decentralized solutions to the formation control of multiple autonomous vehicles have been developed (Keviczky et al. (2006) ; Dunbar and Murray (2006) ; Fang and Antsaklis (2006) ). In Balderud et al. (2006 Balderud et al. ( , 2007 operational robustness is addressed for applications where clusters of autonomous vehicles are deployed for achieving a shared common objective. In order to improve autonomy and performance of the decentralized control architecture, different cooperative solutions based on communication exchange have been proposed in literature. A decentralized robust Model Predictive Control (MPC) algorithm for multi-vehicle trajectory optimization is presented by Kuwata et al. (2006) . A decentralized MPC for formation control have been developed, analyzed and compared with the centralized solution by Vaccarini and Longhi (2007a,b) .
In this paper the formation control of a system of multiple autonomous underwater vehicles, in particular gliders, moving according a trajectory is addressed. Only the motion on the horizontal plane is considered for control purposes. The formation control problem is solved by the use of a Nonlinear Decentralized Model Predictive Control technique (Longhi et al. (2008) ) which takes into account collision-free, physical and predictive model constraints. The single control agents communicate using a Local Area Network (LAN) in which the position information of the single agent is broadcasted by the main leader, which implements sensor fusion via an Adaptive Extended Kalman Filter (A-EKF), according to a centralized policy.
The proposed approach can be easily adapted to generic unmanned vehicles navigating in formation, for which a kinematic model is provided.
The paper is organized as follows. Section 2 presents the mathematical model of an AUG and its onboard hardware. In Section 3 the sensor fusion algorithm is illustrated. Section 4 describes the approach for solving the formation control problem. Simulation results are presented in Section 5 and concluding remarks of Section 6 end the paper.
VEHICLES

Sensors and Actuators
An underwater glider is powered by an internal bladder/ballast which is inflated to vary the buoyancy and providing vertical lift forces. A sliding mass is used for fine adjustments in pitch and roll. Although many different actuation systems are employed by the different manufacturers, all of them are equivalently described by an internal moving massm and a variable internal point mass m b which correspond to a bladder/ballast. By varying the position ofm with respect to the Centre of Buoyancy (CB), the pitch and roll movements of the vehicle are controlled. By adjusting m b , buoyancy of the vehicle can be regulated in order to produce vertical displacements and, therefore, horizontal displacements produced by the wings.
The A-EKF developed in this paper, for localization purposes, needs the following measurements to work:
• absolute position in the horizontal plane (only during the initialization/correction stage) • heading angle • relative position among vehicles • depth In order to provide the desired information each vehicle should be equipped with an Attitude and Heading Reference System (AHRS), a sonar transponder and a depth gauge. Moreover, the fleet leader must be equipped with a Global Positioning System (GPS), in order to provide the absolute positioning of the formation, whenever it emerges on the sea surface.
The effect of underwater currents can be compensated trough current estimators and relative controllers.
Communication
The proposed solution is based on coordinated independent agents and on a Local Area Network used for coordinating them. Each agent implements a decentralized MPC policy on the basis of both local and external information acquired by the network.
The underwater communication is performed by means of sonar modems that allows to reach vehicles within a defined radius and are thus used to implement a Local Area Network (LAN). Since the available bandwidth of these modems is relatively tight, the information traffic have to be reduced to the minimum necessary. In order to do this the EKF has been developed such that the required distance measurements are those between each glider and its leader, thus avoiding to know the relative distances among all the gliders and reducing the information flow. 
Formation Vector Model
Let consider a set of N underwater gliders {V i , i = 1, . . . , N }, that should accomplish to the considered formation keeping task: for each vehicle the position of the leader vehicle with respect to him should be kept equal to a desired value. Assume that at time t a low level controller imposes the desired surge, sway and yaw (angular) speeds v i (t), s i (t) and w i (t) on the horizontal plane by adjusting the position r of massm and the value of buoyancy mass m b : in this way the high level controller has only the task to define the optimal speeds v, s, w that allow to keep the desired formation with the minimum possible efforts. Assume to sample the continuous-time variables with sampling interval T s and define the sampled variables v
T s w i (kT s ) that represents finite movements within each sampling interval T s . These movements can also be seen as velocities normalized with respect to the sampling interval T s and, in the following, they will be referred to as velocities. 
Defining rotation matrix T(α)
, the absolute vehicle configuration on the horizontal plane (see Figure 1) 
T by the following discrete-time kinematic model:
Referred to the frame fixed to vehicle V i , the relative displacement of vehicle (Vaccarini and Longhi (2007a) ) gives the following discrete-time formation vector model:
where:
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ADAPTIVE EXTENDED KALMAN FILTER
In order to perform formation control the most straightforward approach would be to measure the absolute position of each vehicle and use that information to keep the relative distances at the desired values. This approach, however, can not be used for AUGs as the GPS sensor is able to receive data from the satellites only when it is on the sea surface: it can thus be useful only to provide information about the initial position of each glider (initialization/correction stage of the formation control problem).
Since absolute positions are not directly available, several sensors are employed to derive those measurements. However these data are highly affected by both noise and uncertainties that can lead to unacceptable errors to the position values if not correctly elaborated. To solve this problem an A-EKF is implemented on the main leader and the information on localization are made available to all the gliders by the use of the network. Each control agent has thus the information about position that can be used inside the ND-MPC algorithm. Note that the sensor fusion algorithm is implemented according to a centralized policy, while the formation control algorithm is fully decentralized.
When a glider is below the sea surface it measures at each sample time its depth and the relative distance to its leader. These measurements, together with the control efforts elaborated by the local ND-MPC agent, are sent to the main leader using the LAN. The main leader collects these data and uses them to update the predicted state and obtain a new estimate. This new estimate is used together with the control efforts to elaborate the predicted state at the next sample time, which is sent back to the gliders using the LAN. Finally, the control agent of each single glider uses the predicted state to calculate the new control efforts using the ND-MPC algorithm. Note that the fleet leader periodically emerges, together with the fleet, to be located through its GPS onboard sensor, and thus obtaining the corrected absolute localization of the fleet.
This procedure is repeated again at each sample time, moreover the A-EKF algorithm tries to estimate the noise variance affecting states and measurements during each step using statistical properties of the innovation process.
Prediction
Consider the kinematic model described by (2) and assume that an additive, zero-mean gaussian white noise is affecting the system. 
Update
Consider the measurement equation described by
where q k+1 and z k+1 represent the state vector and the measurement vector at time (k + 1)T s , V k+1 is the noise vector affecting measurements which is white, zeromean gaussian and with a covariance matrix R k+1 which depends on the sensor used.
Assume that vector G f describes the formation geometry, i.e.
G f = l 1 , l 2 , . . . , l n T , l 1 = 0, where l i indicates that V i has l i as its leader. l 1 is set to 0 since the main leader has the virtual vehicle V 0 as leader. With this notation the measurement equation can be written as
k+1 , g Linearizing the measurement equation around the working point q k+1 =q k+1|k and defining
the update equation can be described bŷ
The gain matrix and prediction matrix are defined as
where Q d,k is the covariance matrix of noise affecting the states and C k+1 is defined by
Adaptive Estimate of Q d,k and R k+1
The adaptive procedure presented in this paper can be used whenever matrices Q d,k and R k+1 have the form
where σ v,i and σ η are the parameters to be adapted. Equation (12) is valid whenever the kinematic model describes the state dynamics with statistically independent errors. Equation (13) is valid whenever the measurements are statistically independent.
Assume that γ i,k+1 = z i,k+1 − G i q k+1|k : similarly to the linear case, it represents the components of the innovation process at time k + 1. Using the procedure described in Jazwinski (1970) we can writê
where C i is the i-th row of matrix C andσ η,i andσ v,i represent the smoothed estimates calculated as the average value among the last l values (to be chosen a priori), i.e.
FORMATION CONTROL
The navigation system of the considered fleet is based on the well known cascaded leader-follower approach (Vaccarini and Longhi (2007a,b) ), where
• the reference trajectory T * is generated by a virtual reference vehicle V 0 which moves according to the considered unicycle model; • each vehicle V i follows one and only one leader V j , j = i; V 1 follows virtual vehicle V 0 which exactly tracks the reference trajectory T * ; • each vehicle V i should keep the reference formation patternd ji , from its leader V j .
In the proposed navigation system, each vehicle V i is equipped with an independent control agent A i which collects local and remote information (i.e. the position vector provided by the A-EKF) and iteratively performs a nonlinear optimization for computing the local control action. As previously stated, each vehicle V i tracks a leader V j with a defined displacement. The set of all displacements defines the formation (Figure 2 ).
In the implementation of the proposed navigation system the following assumptions are made:
• Each control agent A i communicates with its neighboring agents by a Local Area Network (LAN) only once within a sampling interval.
• The communication network introduces a delay τ = 1. Fig. 2 . The considered leader-follower architecture.
• The agents are synchronous.
• Each control agent is able to measure the relative configurations of the neighbours.
The drifts of the different clocks are very slow and each agent A i synchronizes its own clock with the clock of its leader agent A j . Each leader also broadcasts to its followers the predictions about its future behaviour. Finally, the main leader broadcasts the information relative to the position vectors of the gliders provided by the centralized A-EKF.
The following scalar is considered here as a measure of the performance for control agent A i :
whered ji is the constant desired displacement and ρ x , ρ y , ρ θ are arbitrary weights. The cost function to be minimized is:
where µ, σ and η are weights whose meaning is described in Longhi et al. (2008) ,û j k|h is the j-th control agent predicted control effort at time h for time k andd ji k is the displacement vector calculated using the positions provided by the A-EKF. The predicted control efforts are necessary since the decentralized solution here proposed implies that the interaction vector u j k is unknown to the local control agent A i . This information is shared using the LAN.
The above nonlinear constrained optimization problem is iteratively set-up and solved at each sample time by proper minimization algorithms and allow to compute the control efforts u k .
The solution here described grants both stability and collision-free properties under certain assumptions (Vaccarini and Longhi (2007a) ).
Consider the set V of all vehicles {V i , i = . . . , N } with structure (3) and, for each vehicle V i with leader V Li , an independent agent A i minimizing cost function (19) under 
Under these assumptions the set A of control agents A i , i = 1, . . . , N , guarantees the local stability of the equilibrium pointd
T for the whole closed-loop system.
The collision-free property, instead, is guaranteed as long as the following constraints are satisfied at each sample time k:
SIMULATION RESULTS
The developed strategy have been tested on the formation control of an underwater glider fleet composed by N = 5 vehicles, with starting and objective formations described in figure 3. The virtual leader had to follow an "S" trajectory.
The physical constraints used in simulation are:
The parameters are:
• minimum safe distance d = 3 m, • cost function weights: ρ x = 10, ρ y = 10, ρ θ = 200, µ = 0.5, σ = 1 ed η = 0.4, • prediction horizon p = 3.
The total number of simulation steps is K = 1000.
As it can be seen in Figure 4 the main leader follows the virtual leader and the formation quickly assume the desired geometry. The transient phase for this kind of configuration is short. A similar result can be achieved changing the reference trajectory and the formation pattern. Many other simulations, not reported here for the sake of brevity, have been performed and the results confirm the effectiveness of the proposed approach.
Finally, the performance of the ND-MPC with measurements provided by the described A-EKF has been compared to
• a ND-MPC with A-EKF which can access not only to the relative distances between leaders and followers, but also to the relative distances of all the gliders in formation; • a ND-MPC in which the state is supposed to be accessible. In order to compare the performances, the following error index has been used: 
CONCLUSION
A decentralized MPC strategy for the formation control of underwater glider fleets has been proposed. The use of MPC allows to take into account physical constraints, collision-free constraints and behaviour predictions. Moreover the A-EKF allow the use of AHRS, sonar, GPS and depth gauge to perform sensor fusion and provide good position estimates. These values can be sent on the communication network and can be used by each decentralized control agent to perform control. The decentralization improves autonomy and reliability and MPC provides good control performances. Simulations have shown the effectiveness of the developed approach.
In order to complete the architecture, the dynamic controller of the glider has to be developed. For the real-time implementation of the control strategy, optimization of the control algorithm is required together with the implementation of the LAN protocol. The A-EKF algorithm should be realized with a decentralized approach: in this way a change in the number of working gliders would not require a new configuration of the control problem. This approach could also be easily integrated in a diagnostic system with fault tolerant capabilities (Longhi et al. (2008) ).
